Background Synchronized cardioversion is generally accepted as safe for the treatment of ventricular tachycardia and atrial fibrillation when shocks are synchronized to the R wave and delivered transthoracically. However, others have shown that during attempted transvenous cardioversion of rapid ventricular tachycardia, ventricular fibrillation (VF) may be induced. It was our objective to evaluate conditions (short and irregular cycle lengths [CL] ) under which VF might be induced during synchronized electrical conversion of atrial fibrillation with transvenous electrodes.
Methods and Results In 16 sheep (weight, 62±7.8 kg), atrial defibrillation thresholds (ADFT) were determined for a 3-ms/ 3-ms biphasic shock delivered between two catheters each having 6-cm coil electrodes, one in the great cardiac vein under the left atrial appendage and one in the right atrial appendage along the anterolateral atrioventricular groove. A hexapolar mapping catheter was positioned in the right ventricular apex for shock synchronization. In 8 sheep (group A), a shock intensity 20 V less than the ADFT was used for testing, and in the remaining 8 sheep (group B), a shock intensity of twice ADFT was used. With a modified extrastimulus technique, a basic train of eight stimuli alone (part 1) and with single (part 2) and double (part 3) extrastimuli were applied to right ventricular plunge electrodes. Atrial defibrillation shocks were delivered synchronized to the last depolarization. In part 4, shocks were delivered during atrial fibrillation. The precedt has been recognized since the early 1960s that electrical reversion of cardiac arrhythmias is effec-_ tive.12 Equally well known are the ventricular arrhythmias, tachycardia and fibrillation, associated with cardioversion of atrial arrhythmias.2-5 These proarrhythmic side effects are attributed to vulnerable-period stimulation.
The existence of two vulnerable periods has been well documented for the heart.1-5 During these periods, either the atria or ventricles are susceptible to fibrillation. The vulnerable period is directly related to the relative refractory period during which the heart is susceptible to fibrillation induction by a stimulus. For ventricular myocardium, this period is near the apex of the T wave.
Although the timing relation and duration are somewhat disputed, shocks delivered during some portion of the T wave consistently result in ventricular fibrillation.3-5 The atrial vulnerable period has also been documented. During normal sinus rhythm, the atrial vulnerable period is on the downslope of the R wave of the surface ECG. ' With the advent of the R-wave synchronized defibrillator, the risk of ventricular arrhythmia induction during cardioversion of atrial fibrillation was lessened. Recent data have shown that atrial fibrillation is associated with a 2.2% to 2.5% risk of arrhythmic death without concomitant antiarrhythmic therapy6'7 and 5% in patients treated with antiarrhythmic agents.6 It is therefore apparent that cardioversion of atrial fibrillation to sinus rhythm is of significant importance and that all efforts must be expended to minimize risk. Although isolated empirical observations have been made with respect to the induction of ventricular fibrillation during synchronized, transvenous cardioversion of atrial fibrillation,8-10 no study has been undertaken to systematically model and evaluate the conditions under which ventricular arrhythmias and fibrillation can be induced during synchronized, low-energy, transvenous cardioversion of atrial fibrillation. It was our objective to evaluate conditions (short and irregular cycle lengths) under which ventricular arrhythmias and fibrillation might be induced during synchronized electrical conversion of atrial fibrillation with a transvenous electrode system that has been shown"": 2 to be effective for atrial defibrillation.
Methods
This study involving experimental animals conformed to the positions of the American Heart Association on research animal use adopted November 11, 1984 , by the American Heart Association.
Animal Preparation
Sixteen sheep (weight, 62±7.8 kg) of random breed and sex were sedated with xylazine 0.2 mg/kg IM and morphine 10.0 mg/kg IM. Anesthesia was induced with sodium pentobarbital 25 mg/kg IV. Additional pentobarbital was used as needed to maintain a constant plane of anesthesia. Additional morphine 5.0 mg/kg IM was given every 4 hours. A femoral artery was cannulated to monitor arterial blood pressure and the femoral vein for venous access for drug delivery. Femoral arterial blood pressure and lead II ECG were monitored throughout the study. Arterial blood gases were determined every 30 minutes, with adjustments made to ventilation or intravenous sodium bicarbonate given on the basis of the results. Serum electrolytes, including potassium, calcium, and magnesium, were determined from blood drawn each hour, with supplemental electrolytes added to the intravenous fluids to maintain normal serum levels. Sodium heparin 10 000 U IV was given after initial surgical preparation. Succinyleholine 0.6 mg/kg IV was administered before each shock delivery sequence.
Surgical Preparation
The thoracic cavity was opened through a right lateral thoracotomy at the fourth interspace with the pericardium isolated and opened. The heart was cradled in the pericardium. Three 9F catheter sheaths (USCI, Billerica, Mass) were inserted, two into the right jugular vein and one into the left jugular vein. A modified 6F hexapolar catheter (Elecath, Rahway, NJ) with a 6-cm silver-plated stainless steel electrode coil (Renton Coil Spring, Renton, Wash, and ASKO Selective Plating, Seattle, Wash) attached to the sixth electrode ring (Fig la) was inserted through one of the right jugular vein sheaths, passed through the coronary sinus, and positioned in the great cardiac vein (Fig 2) . This catheter was advanced until the catheter tip was in the anterior coronary vein. A second modified 6F hexapolar catheter with a 6-cm coil electrode attached to the distal tip electrode (Fig lb) was inserted through the second jugular vein sheath on the right side and advanced so that the tip was in the right atrial appendage (Fig  2) . A third catheter, a 6F hexapolar mapping catheter, was inserted through the sheath in the left jugular vein and advanced to the right ventricular apex. Plunge electrodes were placed into the right ventricular free wall (Fig 2) . Lead beginning of each study. Critical events were marked and later retrieved from digital tape for analysis of electrograms. After completion of the study, the animals were killed with a premixed solution of pentobarbital, 6 grains/mL (Anthony Products, Arcadia, Calif).
Atrial Defibrillation Threshold Determination
After surgical preparation, atrial defibrillation thresholds were determined for a 3-ms/3-ms single-capacitor biphasic shock (Fig 3) .
Atrial fibrillation was electrically induced with 10- Atrial defibrillation thresholds were determined with the algorithm shown in Fig 4. Starting at a peak leading-edge voltage of 80 V, atrial defibrillation shocks were delivered to the catheter electrode system. The philosophy of this threshold method was to determine the lowest-intensity shock that would defibrillate the atria and then determine the percent successful defibrillation at this intensity. If the shock failed to defibrillate, the shock intensity was increased by 10 V. Once the shock was successful, atrial fibrillation was induced, and 20 shocks were delivered at this intensity to determine the percent success. After each successful shock, atrial fibrillation was initiated, and 30 seconds was allowed to elapse before the next shock was delivered. If the percent success was < 10%, the percent success was determined at a shock voltage 10 V higher than just tested. If the percent success was >90%, the percent success was determined at an intensity 10 V less than the intensity just tested. Thus, the threshold was considered valid if the resulting percent success was between 10% and 90%.
Ventricular Vulnerability Testing
The 16 sheep in this study were divided into two groups for study of the effect of shock strength on the likelihood of Pacing studies, as with the defibrillation threshold testing, were performed with custom LABVIEW software running on a Macintosh IIfx platform. The software permitted standard programmed stimulation as well as combined pacing and defibrillation control (Fig 5) . Pacing threshold current was determined for the bipolar right ventricular plunge electrodes with a 1-millisecond square wave at a cycle length of 300 milliseconds. When a cycle length of 300 milliseconds did not consistently capture the ventricles because of the rate, the cycle length was increased in steps of 50 milliseconds until consistent capture of a train of eight was achieved. Intensity of twice pacing threshold current was used for all stimuli in the remainder of the study.
A modified extrastimulus technique was used for the first three parts (parts 1 through 3) of the protocol. These three parts were performed in random order. In part 4, shocks were delivered during atrial fibrillation. Shocks were delivered synchronously to depolarizations sensed from the right ventricular apex catheter in all parts. Shock delay at each testing cycle length started with 100 milliseconds and was decreased to 50, 20, and 2 milliseconds. Incidence of postshock sustained ventricular arrhythmias was documented, and the digital tape recording of electrograms was marked for later retrieval. , and double, part 3 (c) extrastimuli were applied with a shock delivered after the sensed depolarization from the last stimulus. The shock was delayed 100 milliseconds after this depolarization. The shock delay was then decreased to 50, 20, and then 2 milliseconds. The pacing intervals, S,-S, in part 1, S1-S2 in part 2, and S2-S3 in part 3, were decremented and all shock delays retested. In part 4 (d), ventricular depolarizations were sensed and cycle lengths calculated and compared with a 50-millisecond shock window. When a preceding cycle length was within the window, a shock was delivered delayed from the ventricular depolarization. This delay was then reduced from 100 to 50, 20, and then 2 milliseconds. 
milliseconds and the sequence of delays repeated. This continued either until ventricular fibrillation was induced or until the cycle length reached the effective refractory period so that all eight S, stimuli were not capturing the ventricle.
Part 2
This part of the protocol modeled rapid and regular cycle lengths followed by a premature complex (Fig 6b) . A train of eight stimuli (S,) at the shortest cycle length found during threshold testing to produce consistent capture (300 milliseconds, seven sheep; 350 milliseconds, eight sheep; and 400 milliseconds, one sheep) was delivered to the plunge electrodes, followed by a premature stimulus (S2). The S1-S2 interval started at 290 milliseconds, with the shock delayed 100 milliseconds from the sensed depolarization. As in part 1, the delay was reduced to 50, then 20, then 2 milliseconds at a constant S1-S2 interval, then the S1-S2 interval was decreased in 10-millisecond steps and the sequence of delays repeated at each S1-S2 interval either until ventricular fibrillation was induced or until the S2 failed to capture the ventricle. An epinephrine drip (2 mg/250 mL normal saline) was then infused at a rate resulting in a mean blood pressure rise to twice the preinfusion baseline value to further shorten ventricular refractoriness. The delay scanning and 10-millisecond S1-S2 interval decreases were resumed until the S2 again failed to initiate a depolarization or until ventricular fibrillation was induced.
Part 3
This part of the protocol modeled a series of short intervals followed by a long interval, at least twice the cycle length of the basic train, then a short interval with a shock after the last depolarization (Fig 6c) .
A basic train of eight stimuli (S,), with a cycle length equal to the train used in part 2, was delivered 10 times to determine the time from end of the train to the first intrinsic ventricular beat (V2). The minimum S,-V2 interval was then compared with the drive train S,-S, interval, and if it was found to be at least twice the S,-S, interval, this part of the study was performed. A premature stimulus (S2) was added to the basic train of eight with an S1-S2 interval equal to 50 milliseconds less than the minimum S,-V2 interval. A second premature stimulus (S3) was added to the pacing train at an initial S2-S3 interval of 290 milliseconds. Shocks were again delivered delayed by 100, then 50, 20, and 2 milliseconds from the last depolarization from the pacing stimuli. The S2-S3 interval was decreased by 10 milliseconds, testing each delay in decremental manner either until S3 failed to capture the ventricle or until ventricular fibrillation was induced.
Part 4
In this part of the protocol, shocks were delivered during electrically induced atrial fibrillation. The defibrillation control software for shock delivery selected only ventricular depolarizations whose preceding cycle lengths fell into a 50-millisecond window (Fig 6d) . We tested 50-millisecond windows from 150 to 200 milliseconds up to 950 to 1000 milliseconds.
Atrial fibrillation was induced and permitted to sustain for 5 minutes. The customized defibrillation control software was configured to deliver a 100-millisecond delayed shock on the first preceding cycle length that fell into a window of 950 to 1000 milliseconds. The other three delays were tested, 50, then 20, then 2 milliseconds, for the same cycle length window. The window was then shifted down in steps of 50 milliseconds, with all delays tested at each window of cycle lengths. A time limit of 2 minutes was placed on the length of time the defibrillator would wait for a given window. If no intervals were found during this 2-minute period, the window was shifted by 50 milliseconds and testing was resumed. If the time-out period was exceeded because of a lack of adequately short cycle lengths, an epinephrine infusion (2 mg/250 mL normal saline) was started and delivered at a rate to double the mean preinfusion blood pressure, and testing was resumed. Testing continued until the time period at the window of 150 to 200 milliseconds expired or at a window and delay that generated ventricular fibrillation. If ventricular fibrillation was induced, the cycle length range was documented and the tape recording of the electrograms was marked electrically. After the study, electrograms were replayed to a Gould TA4000 paper recorder (Gould Inc, Cleveland, Ohio), and the preceding cycle length was measured for the shocks that resulted in ventricular fibrillation.
Statistical Analysis of Data
All statistical analyses were performed using JMP software (SAS Institute, Cary, NC) running on a Macintosh Quadra 700 platform (Apple Computer). Continuous numerical data requiring comparison were subject to ANOVA for comparing the effect of group differences. These data included body and heart weights, atrial defibrillation thresholds, and stimulus parameters. Comparisons in the episodes of ventricular fibrillation induced between groups and parts were made by x2 tests. Differences were considered significant at values of P<.05.
Results
The mean atrial defibrillation threshold voltage and energy are shown in Table 1 . Also shown are the mean S, interval used for the stimulus train in parts 2 and 3 of the protocol. There was no significant difference in the animal characteristic or threshold data when groups A and B were compared, although the mean S1 for group B was longer (P<.05). Not including the shocks used to determine threshold, 1870 test shocks were delivered in this study. Eleven episodes (0.59%) of ventricular fibrillation were induced in 8 of the 16 sheep with these shocks, 4 sheep in group A and 4 in group B. In part 2, five episodes of ventricular fibrillation were induced out of 568 shocks delivered (0.88%). There were three for group B and two for group A (NS, P>.15). All five episodes were induced with a right ventricular depolarization-to-shock delay of 2 milliseconds and preceding cycle lengths .250 milliseconds. An example of one ventricular fibrillation induction in this part of the study is shown in Fig 7B. During part 3, two episodes of ventricular fibrillation were induced out of 238 shocks delivered (0.84%). Each group had one sheep with an episode of ventricular fibrillation induced during this part of the protocol. For one sheep, the S1-S2 interval was 740 milliseconds followed by an S2-S3 of 280 milliseconds, and for the other sheep, the S1-S2 interval was 550 milliseconds followed by an S2-S3 interval of 260 milliseconds. Both occurred with a right ventricular depolarization-toshock delay of 2 milliseconds. An example of one ventricular fibrillation induction in this part of the study is shown in Fig 7C. In part 4, two episodes of ventricular fibrillation were induced out of 716 shocks (0.28%). There was one episode for each group. Because the preceding cycle length was not paced in this part but rather was selected by the defibrillator-computer system to fall within a preselected range, the exact preceding interval was measured after completion of the study from the taperecorded electrograms. For one sheep, the preceding cycle length range was 150 to 200 milliseconds, with a measured cycle length of 198 milliseconds, and for the other sheep, the preceding cycle length range was 200 to 250 milliseconds, with a measured preceding cycle length of 240 milliseconds. Both episodes of ventricular fibrillation were initiated with shock delays of 100 milliseconds. An example of one ventricular fibrillation induction in this part of the study is shown in Fig 7D. To analyze the dependence of vulnerability on cycle lengths, an arbitrary cycle length of 300-millisecond cutoff was used because it was the longest cycle length preceding a shock that induced ventricular fibrillation. There were 11 episodes of induced ventricular fibrillation out of 975 shocks with a preceding cycle length s300 milliseconds (1.1%) and no episodes of ventricular fibrillation out of 895 shocks with a preceding cycle length >300 milliseconds. The shock is delayed 20 milliseconds from the last depolarization. After the shock is ventricular fibrillation. B, Example of an episode of ventricular fibrillation induced in part 2 of the study. There are two sinus beats to the left in the electrograms, followed by the initiation of the stimulus train with eight paced beats at a cycle length of 300 milliseconds, followed 230 milliseconds later by the premature stimulus. After the premature stimulus, there is a ventricular depolarization and the shock. The shock is delayed 2 milliseconds from the last depolarization. After the shock is ventricular fibrillation. C, Example of an episode of ventricular fibrillation induced in part 3 of the study. There are two sinus beats to the left in the electrograms, followed by the initiation of the stimulus train with eight paced beats at a cycle length of 300 milliseconds, followed 550 milliseconds later by the first premature stimulus and 260 milliseconds later by the second premature stimulus. After the second premature stimulus, there is a ventricular depolarization and the shock. The shock is delayed 2 milliseconds from the last depolarization. After the shock is ventricular fibrillation. D, Example of an episode of ventricular fibrillation induced in part 4 of the study. The animal is in atrial fibrillation, and after a cycle length of 240 milliseconds, a shock is delivered, delayed 100 milliseconds from the V wave. After the shock is ventricular fibrillation.
a preceding ventricular cycle length .300 milliseconds are associated with a significantly increased likelihood of ventricular proarrhythmia. All episodes of ventricular fibrillation seen during this study occurred when the preceding cycle length was c300 milliseconds, whereas no episodes of ventricular fibrillation were seen when the preceding cycle length was >300 milliseconds. We showed that with appropriate synchronization, which has previously been thought adequate to avoid the vulnerable period, ventricular fibrillation could occur if the preceding cycle length was c300 milliseconds.
There was no correlation between shock strength and the occurrence of ventricular fibrillation. Although there were 4 episodes of ventricular fibrillation out of 24 testing protocols for group A and 7 out of 22 for group B, this difference was not significantly different overall (P>.15), nor was it significantly different when groups within any part, 1, 2, 3, or 4, of the protocol were compared (P>.15).
Atrial Defibrillation Thresholds
The atrial defibrillation thresholds seen in this study are comparable to the thresholds seen by others for similar left to right atrial vectors in sheep.10-'2 Like the previous studies, this study shows that in the sheep model of atrial fibrillation, atrial defibrillation can be achieved with transvenous electrodes with mean shock energies of < 1 J.
The method of determining atrial defibrillation threshold was different in this study than for others. 10'11 In this study, we determined the lowest-intensity shock required to defibrillate the atria and then delivered 20 shocks to estimate the percent successful defibrillation at this intensity. Techniques used by other investigators tend to estimate the 50% successful defibrillation point on the dose-response curve. At the lowest intensity that would defibrillate the atria, we found that the mean percent success was 52% for group A and 48% for group B (NS, P<.05). Although there was a rather large standard deviation in the measurement of these values, this method, on average, estimates the 50% point on the dose-response curve. Additionally, the mean percent success of 50% with a large standard deviation using a technique designed to find the lowest-intensity shock necessary to defibrillate the atria might suggest that the dose-response curve for atrial defibrillation is quite steep in comparison to the 10-V steps used in this protocol.
Mechanisms of Ventricular Fibrillation Induction
Three possible mechanisms exist to account for induction of ventricular fibrillation by internally delivered cardioversion shocks. One possible mechanism is lack of synchronization of the cardioversion shock with respect to intrinsic ventricular depolarization, resulting in the shock being delivered during a T wave. All shocks in this study were appropriately synchronized to ventricular depolarizations; therefore, this mechanism does not apply to the episodes of ventricular fibrillation induced in this study.
A second potential mechanism is if a shock is synchronized to a ventricular depolarization that occurs before complete ventricular repolarization from the previous beat. From a surface electrogram, this may appear as an R on T. In our study, 9 of the 11 episodes of ventricular fibrillation appear to have been caused by this mechanism. All of the episodes were in parts 1, 2, and 3. Sample electrograms from these episodes are shown in Fig 7A, 7B , and 7C with sensed V wave-toshock delay of either 2 or 20 milliseconds. For all these episodes, it was evident from the right ventricular electrogram that the ventricular depolarization that triggered the shock was encroaching on the terminal portion of the preceding T wave.
Others have observed a higher incidence of shockinduced ventricular fibrillation with shorter cycle lengths in both dogs and humans during transvenous cardioversion of ventricular tachycardia.1415 The investigators concluded that for tachycardia cycle lengths <200 milliseconds, transvenous cardioversion shocks would frequently accelerate the tachycardia or induce ventricular fibrillation. Although the results in those studies were similar to the present study, the mechanisms may be somewhat different because the ventricular tachycardia in the previous studies probably involved intraventricular reentry. Nathan et a18 described the induction of ventricular fibrillation from a 5-J shock delivered to right heart catheters near the onset of the QRS in a patient undergoing atrial defibrillation. The patient had an apparent rapid ventricular response based on the figure showing the intracardiac electrograms. They suggested that the mechanism of induction may be similar to that described by Jackman hearts, that reentry was more predominant when a short/long/short stimulation sequence was used. In the predominance of short cycle lengths are an ideal setting for intraventricular reentry. In parts 1, 2, and 3 of this study, we systematically generated a spectrum of cycle lengths that facilitated shock induction of ventricular fibrillation. This study showed that short cycle lengths increased the likelihood of ventricular fibrillation induction in normal sheep hearts.
The third mechanism pertains to the delay of shock delivery from the sensed ventricular depolarization and the effect of irregular and rapid cycle lengths on the refractory period of the ventricle and therefore the time from depolarization to the vulnerable period. Dunbar et a19 observed that transvenous defibrillation shocks delivered 116 to 180 milliseconds after the onset of the QRS were associated with nine episodes of induced ventricular fibrillation seen in their study. In part 4 of our study, two episodes of ventricular fibrillation were induced after short intervals with 100-millisecond sensed ventricular depolarizations-to-shock delivery delay. In these two episodes (Fig 7d) , the shocks were delivered during the early upstroke of the T wave, in the right ventricular electrogram, with some of the myocardium apparently in a state of vulnerability. This relatively short recovery time of some of the myocardium may be attributed to the dispersion of refractoriness associated with the short/long/short preceding cycle lengths. 22 
Relative Risk of Ventricular Fibrillation Induction
Previous studies done on low-energy transvenous cardioversion of atrial fibrillation have reported only minimal occurrence of ventricular fibrillation,8-10 whereas recent studies of higher-energy cardioversion of atrial fibrillation with shocks delivered between an intracardiac electrode and the chest wall have reported no episodes of ventricular fibrillation.23 In our study, in which producing ventricular proarrhythmia was the objective, only 11 episodes of ventricular fibrillation were induced. Eight of the 16 sheep in this study had no episodes of ventricular fibrillation despite having half of the test shocks delivered on intervals <300 milliseconds. It is apparent that even with conditions ripe for the induction of ventricular fibrillation (short and irregular cycle lengths with a dispersion of ventricular refractoriness), the induction of ventricular fibrillation is relatively rare. This study clearly showed that the risk of ventricular fibrillation induction was significantly higher when the preceding ventricular cycle length was 5300 milliseconds. In fact, no instances of ventricular fibrillation occurred when the preceding cycle length was >300 milliseconds. It is logical to assume that if enough time has elapsed since the last beat for all ventricular cells to fully repolarize, none of the ventricular myocardium should be vulnerable. This hypothesis is supported by the work of Elharrar and Surawicz,24 who showed, in canine myocardium, that ventricular action potential durations approached a maximum of 330 milliseconds at long preceding cycle lengths.
Previous studies on the occurrence of ventricular fibrillation after atrial cardioversion have been performed with transthoracic cardioversion and found that shocks that were poorly synchronized with the R wave would consistently result in ventricular fibrillation when the shock fell during the T wave, the ventricular vulneratrial fibrillation, the irregular ventricular response and able period. merits further study. Last, there was only limited randomization of the parts of this protocol. Although parts 1 through 3 were performed in random order, they always preceded part 4. Intervals within any part were not randomized. This lack of randomization was caused by our concern that many episodes of ventricular fibrillation would increase the risk of death of the animal, preventing completion of the protocol, or that multiple episodes of ventricular fibrillation would compromise the normal physiology of the model. We therefore conducted the study according to standard electrophysiological methodology in which prematurity was gradually increased. For this reason, the protocol for any of parts 1, 2, 3, or 4 was stopped after induction of ventricular fibrillation. For episodes of ventricular fibrillation that were probably caused by an R-on-T situation and a shock delay of 20 milliseconds, it can only be inferred that a shock delay of 2 milliseconds would have also caused stimulation in the vulnerable period and induced ventricular fibrillation, although this was not actually observed. In part 4, the short preceding cycle length and a shock delay of 100 milliseconds probably induced ventricular fibrillation by vulnerable-period stimulation of the T wave after the synchronized V wave. It is unknown in these two episodes whether a shorter delay would have induced ventricular fibrillation via an R-on-T shock mechanism, since no shorter delays were tested.
This study shows that synchronized shocks with short preceding cycle lengths (<300 milliseconds) have a significantly greater risk of ventricular proarrhythmia. This study also confirms that low-energy transvenous atrial defibrillation of human-size sheep hearts can be accomplished with energies <1 J.
